Like other protein kinase C family members, aPKC is composed of an N-terminal autoinhibitory regulatory The Baz/Par-3-Par-6-aPKC complex is an evolutionregion that can bind to its catalytic domain, inhibiting arily conserved cassette critical for the development kinase activity, and a C-terminal kinase domain (Mellor of polarity in epithelial cells, neuroblasts, and oocytes.
tion by modulating the synaptic cytoskeleton. aPKC is zation of the MT cytoskeleton within these boutons (Figure 1A , arrows, and see below). found to be expressed both presynaptically and in postsynaptic muscles at MT-rich areas, and changes At the postsynaptic muscle cells, aPKC was found in a punctate pattern throughout the muscle cortex (Figin aPKC activity have dramatic consequences for the reorganization of presynaptic and postsynaptic muscle ures 1A and 1C1). These puncta were enriched at the muscle region containing MTs, but their distribution apMTs, the Actin cytoskeleton, as well as the localization of Baz and Par-6 during new synapse formation. peared random, and they did not specifically colocalize with muscle MTs ( Figure 1C2 ). However, postsynaptic aPKC immunoreactivity was absent from the region imResults mediately adjacent to synaptic boutons (the peribouton area) ( Figure 1C ,
arrow). This region is highly enriched aPKC Is Localized at Presynaptic MT Bundles, in several proteins including the Actin binding protein and Mutations in dapkc Affect the Formation
Spectrin ( Figure 1D ) and the primarily postsynaptic scafof New Synaptic Boutons folding protein, DLG (Tejedor et al., 1997) . Interestingly, To determine if aPKC is present at synapses, we used muscle MTs, as with aPKC immunoreactivity, seldom two antibodies against the C terminus of aPKC to stain extended into the peribouton area ( Figure 1C2 ). Thus, larval NMJs. Both antibodies revealed that aPKC was aPKC is localized both at presynaptic boutons and in expressed in both pre-and postsynaptic cells (Figure 1 ). muscle at cellular regions containing MTs. To label presynaptic arbors, we used antibodies against To understand the cellular mechanisms underlying horseradish peroxidase (HRP), which in insects crossaPKC function at synapses, we used both loss-and reacts with neuronal membrane-specific epitopes (Jan gain-of-function dapkc mutants to examine new synapand Jan, 1982). At the presynaptic arbor, aPKC was tic bouton formation at the NMJ during larval developfound enriched at the MT bundles (identified with antiment. Null mutations in dapkc die at early embryogenebodies against Tubulin or the MT-associated protein sis. Therefore, for analysis of loss-of-function mutations, Futsch) that traverse NMJ branches (Figures 1A and we used hypomorphic dapkc mutants, dapkc EX55 and 1B). In addition, lower levels of aPKC were found in a dapkc EX48 generated by excision of the P element punctate pattern inside the boutons ( Figure 1C1 ). The l(2)k06403 (dapkc
06403
) inserted in the intron between exenrichment of aPKC immunoreactivity at the MT bundle ons 3 and 4 of dapkc (Wodarz et al., 2000) . dapkc 06403 is did not exist within the more distal boutons within an a null dapkc allele that dies during early larval stages (Rolls et al., 2003) . In dapkc EX55 and dapkc
EX48
, the P NMJ branch, possibly reflecting a change in the organi- A decrease in bouton number was also observed in presumably representing a protein generated by an abnormal transcript (arrowhead in Figure 2A Figures 2D and 2E ). In addition, in these mutants, aPKC staining was dis-
The above studies were complemented by analysis of dapkc gain-of-function mutants. In these studies, we persed in large aggregates over the muscle surface (Figure 2E, arrow) and inside the segmental nerves (Suppleused the UAS/Gal4 system (Brand and Perrimon, 1993) with the motorneuron-specific Gal4 strain C380 and the mental Figure S1 at http://www.neuron.org/cgi/content/ full/42/4/567/DC1). Thus, in these dapkc mutants, there muscle-specific Gal4 strain BG487 as drivers to selectively overexpress the persistently active form of aPKC, is a reduction in label intensity at normal locations, and this is accompanied by ectopic localization of immuno-PKM, in either the pre-or the postsynaptic cells (Budnik et al., 1996) . Surprisingly, a reduction in the number of reactivity at extrasynaptic aggregates. Figures 3E and 3F ). As described of the Presynaptic MT Cytoskeleton above, in wild-type specimens most tyrosinated MTs at The localization of aPKC at the presynaptic MT bundle terminal boutons appeared splayed apart and were only and at MT-rich areas of the muscle, as well as the repartly associated with Futsch ( Figure 3E ). In contrast, duced NMJ expansion observed in dapkc mutants, most terminal boutons in dapkc EX55 and dapkc EX48 mutant prompted us to examine the changes in MT organization combinations exhibited tyrosinated MTs that had a fragduring NMJ expansion. For these studies, we used antimented or punctate appearance, and in these boutons bodies against tyrosinated Tubulin (tyr-Tub) to visualize Futsch was also punctate or diffuse ( Figure 3F ). This MTs. Newly synthesized tubulin contains a tyrosine resiphenotype was also observed when DN-PKM was exdue at its C terminus, which in older MTs is removed pressed presynaptically (not shown). This MT phenotype by detyrosination. Therefore, as previously shown in was very similar to the phenotype observed in futsch . This quantification showed that MT fragmentation branch) at least one of the boutons contained MTs that in dapkc mutants and DN-PKM was similar to futsch were unbundled or formed several thin filaments that mutants ( Figure 3D1 ). This result suggests that aPKC splayed apart from the main bundle ( Figures 3A-3C) .
regulates MT stability, perhaps by controlling the associIn most branches, the last bouton contained splayed ation of Futsch with splayed MTs or by a direct action filaments, and little or no colocalization was found beon MTs. tween the splayed MTs and Futsch, which appeared
The above possibility was supported by experiments diffuse or associated only with a small proportion of MT in which constitutively active PKM was expressed only filaments (in 88% of terminal boutons; Figures 3A, 3B , in motorneurons. We found that in NMJs overexpressing and position 1 in 3C). In contrast, in more proximal bou-PKM presynaptically, the degree of MT fragmentation tons that contained unbundled MTs, Futsch almost at terminal boutons was similar to control ( Figure 3D1 ). completely colocalized with the unbundled MTs (e.g., However, the MTs in terminal boutons were more numerposition 4 in Figure 3C ). ous and longer than control NMJs ( Figure 3H ). We quanIn terminal boutons containing buds, a MT was sometified this phenotype by tracing unfragmented MTs at times observed extending into a bud, and Futsch could terminal boutons of wild-type and pre-PKM NMJs and be observed in association with the MT penetrating the measured the total MT length. We found that there was bud ( Figure 3B ). Since NMJ expansion occurs to a great over a 65% increase in the length of MTs at terminal extent by adding boutons at the distal end of a branch, boutons compared to controls (total length of unfragdistal boutons generally correspond to younger boumented MTs in pre-PKM is 22.6 Ϯ 1.5 m; n ϭ 19 versus tons, while more proximal boutons are generally older.
13.4 Ϯ 0.94 m; n ϭ 18 in wild-type). Further, in contrast Thus, an interpretation of the above observations is that to wild-type, in pre-PKM terminal boutons the degree of the organization of the synaptic cytoskeleton during association between MTs and Futsch was substantially synaptic bouton maturation involves an initial stage in increased ( Figures 3D2 and 3H ). We scored the degree which MTs are unbundled and not associated with of association between MTs and Futsch at each terminal Futsch. This is followed by a stage in which Futsch bouton from 0 to 3, with 3 representing boutons in which becomes associated with splayed filaments, leading to all MTs colocalized with Futsch immunoreactivity (e.g., MT stabilization. Figure 3H ) and 0 representing boutons in which there was virtually no colocalization between MTs and Futsch Mutations in dapkc Alter the Presynaptic or Futsch immunoreactivity was absent or diffuse (e.g., Cytoskeleton during the Formation of New Figure 3E ).
Synaptic Boutons
The effect of PKM on MT stability, however, was deThe finding that either increasing or decreasing aPKC pendent on the presence of Futsch, since presynaptic activity resulted in similar defects in NMJ expansion was PKM overexpression did not rescue the increased MT very surprising to us at first. However, it appears likely fragmentation observed in futsch k68 mutants (Figure that normal synaptic bouton growth may depend on a 3D1). Thus, an increase in presynaptic aPKC activity precise balance of aPKC activity and that deviations in increases MT stability or MT polymerization at terminal boutons, in a process that depends on Futsch. In coneither direction result in poor synaptic growth. Since trast, the opposite phenotype, a decrease in MT stability, that anti-aPKC antibodies could specifically immunoprecipitate both Futsch and Tubulin, suggesting that which is reflected by an increase in the degree of MT fragmentation at terminal boutons, is observed in lossthese proteins are present in a complex ( Figure 4A ). In contrast, anti-aPKC antibodies did not coprecipitate the of-function dapkc mutants ( Figure 3D1 ).
To further support the idea that aPKC controls Futsch neuronal proteins Elav or APPL, further supporting the specificity of the coprecipitation. The interaction beassociation with MTs, we performed co-immunoprecipitation studies to determine if aPKC exists in the same tween aPKC and MTs, however, was likely to be mostly through Futsch, since the amount of tubulin immunopreendogenous complex with MTs and Futsch. We found The morphology of synaptic boutons was also aber-4B). In contrast, in futsch k68 mutant, aPKC was mostly observed in a punctate pattern filling entire stretches of rant in larvae overexpressing PKM in the postsynaptic cell, although there was some variability from branch to boutons ( Figure 4C ).
branch. In wild-type, synaptic boutons have a rounded to oval appearance and are normally separated from Mutations in aPKC also Alter the Postsynaptic each other by a well-defined neural process. In larvae Peribouton Cytoskeleton overexpressing postsynaptic PKM, the separation beThe above results demonstrate that aPKC influences tween individual boutons was often lost (compare Figpresynaptic MTs during the formation of new synaptic ures 5D and 5F). Notably, the most abnormal branches boutons. However, aPKC is also located in postsynaptic had the most aberrant organization of the Spectrin-rich muscles, and selectively increasing postsynaptic musarea and postsynaptic MTs. Thus, changing aPKC levels cle aPKC activity also reduces the number of synaptic in the postsynaptic cell has consequences in the organiboutons ( Figures 2B and 2C) . Consequently, we next zation of both Actin-and MT-based cytoskeletons, with determined if an increase or decrease in aPKC levels each cytoskeletal network type changing in opposite could also influence postsynaptic cytoskeleton archidirections-expansion of the MT network is accompatecture, and indeed, changes in aPKC levels had marked nied by narrowing of the Spectrin-rich area, whereas consequences for the postsynaptic peribouton cytoretraction of the MT network is concomitant with an skeleton. In dapkc loss-of-function mutants, Spectrin expansion of the Spectrin-rich area. immunoreactivity (used as a marker for the Actin-rich cytoskeleton) at the peribouton area was markedly reduced compared to wild-type ( Figures 5A and 5B) . The
Mutations in dapkc Alter Synaptic Transmission and Glutamate Receptor Distribution reduction in Spectrin in dapkc mutants was likely to reflect a change in its distribution, since Spectrin protein An important question is how the above changes in synaptic cytoskeletal structure impact on synaptic levels as determined by Western blot were not altered in the mutants (Figure 2A) . Closer examination revealed physiology. This question was addressed by examining both evoked excitatory junctional potentials (EJPs) and that the peribouton area occupied by Spectrin was not only considerably reduced (Figures 5D and 5E ), but in spontaneous miniature EJPs (mEJPs) at muscle 6 of third instar larvae by intracellular recordings. We found addition, MTs surrounding the peribouton area, which in wild-type seldom penetrate this well-defined Spectrinthat either decreasing or increasing aPKC function altered the amplitude of mEJPs (Figure 6 ). In dapkc
Ex48
rich area, now appeared much closer to the presynaptic bouton ( Figure 5E, arrow) . and dapkc
/Df, there was a substantial increase in the amplitude of mEJPs (Figures 6A and 6C; p Ͻ 0.0001) . In The opposite phenotype was observed when PKM functions in a complex at the NMJ, then the three proton ( Figure 7C1 ). Because the Baz and aPKC antibodies were raised in the same species, we were unable to teins must be co-expressed at the pre-and postsynaptic cells in at least partial colocalization. Therefore, we next directly test the colocalization between Baz and aPKC. However, the Par-6 immunoreactivity that colocalized examined if Baz and Par-6 were localized at the NMJ and whether they colocalized with aPKC. For these exwith aPKC immunoreactivity inside boutons also colocalized with Baz ( Figure 7C ). At the postsynaptic reperiments, we used two antibodies against Par-6 and an antibody against Baz. We found that both proteins gion, Baz was highly enriched at the peribouton area, where it colocalized with Par-6, but Baz extended more were highly expressed at the NMJ in specific patterns in partial colocalization with aPKC (Figure 7 ). Par-6 was distally from the edge of the boutons and into the postsynaptic muscle ( Figure 7C ). In addition, Baz was localpresent at both pre-and postsynaptic compartments ( Figure 7A ). At the presynaptic arbor, Par-6 was enriched ized in puncta throughout the muscle cortex and in muscle nuclei. In summary, there are two regions in which at the MT bundle, in colocalization with aPKC ( Figure  7A, arrow) , and at lower levels in a diffuse pattern inside only two of the proteins are colocalized: the MT bundle, which contained Par-6 and aPKC but not Baz, and the the boutons ( Figure 7A1 ). Postsynaptically, Par-6 was enriched at the peribouton area ( Figure 7B , arrowhead peribouton area, which contained Baz and Par-6 but not aPKC. However, all three proteins coexisted in the in Figure 7B3 ) but was also observed at low levels in a diffuse pattern at the muscle cell cortex (Figures 7A and muscle cortex and bouton cytoplasm. The hypothesis that Baz, Par-6, and aPKC may func-7B). Thus, Par-6 colocalizes with aPKC at presynaptic MTs and is coexpressed with aPKC inside synaptic boution as a tripartite complex at the NMJ as suggested for other tissues was supported by co-immunoprecipitation tons and at the muscle cortex. However, Par-6 is also enriched at the postsynaptic peribouton area, where assays, which showed that antibodies against Par-6 coimmunoprecipitated Baz and aPKC from body wall musaPKC is absent.
Baz was also observed at both the pre-and postsyncle extracts ( Figure 8A ). In these immunoprecipitations, aPKC was coprecipitated in greater amounts than Baz aptic cells (Figure 7C ). At the presynaptic terminal, Baz was localized in a punctate pattern throughout the bou-(see input lanes representing 1:10 of the extract used /ϩ; dapkc EX55 were indistinguishable pended on aPKC at the NMJ, we examined the distribufrom dapkc EX55 alone ( Figure 8D ). These nonadditive eftion of these proteins in loss-and gain-of-function dapkc fects are consistent with a genetic interaction between mutants. At NMJs of dapkc EX55 and dapkc EX48 mutants, the genes. Thus, all the members of the aPKC/Baz/ there was a significant reduction of Baz (Figures 8B and Par-6 complex are localized at the NMJ, they exist in 8C). In addition, Baz was observed in the large aPKC an endogenous complex in vivo, they interact genetiaggregates at muscles of dapkc mutants ( Figure 8C , cally, they alter NMJ expansion, and their localization arrows). A reduction in Baz immunoreactivity levels was is dependent on aPKC activity. also observed when PKM-DN was expressed in either the presynaptic (Figure 8F ) or the postsynaptic ( Figure  8I ) cell. However, in contrast to dapkc mutants, no extraDiscussion synaptic Baz aggregates were observed in this case.
The localization of Baz was also severely altered by We have found that the Baz/Par-6/aPKC complex, a highly conserved protein cassette that functions during overexpressing PKM in the muscles. In these larvae, the area occupied by Baz expanded similar to the effects the establishment of polarity in a number of cell types, is also involved in the development of new synaptic ing cytoskeleton. During branch elongation, a presynaptic signal may induce the retraction of the postsynaptic boutons. In particular, we show that all three proteins of this cassette are present at the NMJ and that aPKC cytoskeleton barrier. We propose that changes in both the pre-and postsynaptic cytoskeleton during branch regulates asymmetric changes in the synaptic cytoskeleton during new synapse formation and synaptic elongation mediate these events and that these processes are regulated by aPKC with the collaboration of transmission.
Baz and Par-6 in both locales. aPKC Function An alternative or additional possibility is that aPKC is Our electrophysiological studies show that aPKC activasymmetrically regulated at the pre-and postsynaptic ity also influences synaptic efficacy. This may result from cell, being activated in one cell and inhibited in the other. cytoskeletal changes, which may alter the localization of In this regard, it was noteworthy that while increasing synaptic proteins, such as GluRs. Indeed, we found that aPKC activity increased the stability of presynaptic michanges in aPKC activity affected both GluR levels or crotubules, increasing aPKC postsynaptically resulted distribution and mEJP amplitude. Many synaptic recepin microtubules that appeared to retract from the junctors are anchored to the Actin submembrane matrix. tional area.
The localization of aPKC to MT-rich domains at the
For example, the scaffolding protein DLG, which is responsible for the clustering of Shaker K ϩ channels and the cell adhesion molecule FasII at the peribouton area that at the postsynaptic cell, changes in aPKC activity
